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Garching, Germany
‡Institute of Functional Interfaces, Karlsruhe Institute of Technology, Hermann von Helmholtz Platz 1, 76344
Eggenstein Leopoldshafen, Germany
ABSTRACT: Reactivity at metal oxide interfaces is of
fundamental importance in heterogeneous catalysis. Herein,
we report a thorough surface science study on the growth and
chemical activity of ultrathin ZnO ﬁlms on Ag(111) by
grazing emission X ray photoelectron spectroscopy and
temperature dependent infrared reﬂection−absorption spec
troscopy using CO as a probe molecule. Compared to bilayer
ZnO on Cu [Schott, V.; Angew. Chem. Int. Ed. 2013, 52,
11925−11929], we ﬁnd a much decreased CO binding energy
of 0.24 eV for bilayer ZnO on Ag. Furthermore, the
anomalous, substantial red shift of the CO stretch frequency
with respect to the gas phase value identiﬁed for ZnO/Cu is absent in the ZnO/Ag system, where we instead report a slightly
blue shifted frequency at 2146 cm−1 for isolated CO molecules. In order to interpret these diﬀerences of ZnO thin layer
supported on these two coinage metals, we carried out a thorough theoretical analysis using density functional theory calculations
employing van der Waals corrected generalized gradient approximation (GGA) type and hybrid functionals. We show that
bilayer ZnO forms a ﬂat graphitic like structure on Ag in contrast to the previously reported strongly corrugated ZnO ﬁlm
formed on Cu. While our results show that GGA type functionals cannot in general be applied uncritically for CO adsorption on
ZnO, we explicitly validate our results for the ZnO/Ag system by comparison to hybrid functional calculations for selected model
systems.
1. INTRODUCTION
The tendency of certain oxides to wet the surfaces of metals has
been intensively studied, both as carefully prepared model
systems for surface science investigations as well as in the
context of their spontaneous formation in real catalytic
systems.1−7 While such oxidic thin ﬁlms often cause an
undesired blocking of active metal sites, they have in several
cases been shown to contribute beneﬁcially toward the stability,
selectivity and/or activity of catalysts.2−5 The unusual proper
ties of ultrathin metal−supported oxide ﬁlms have been
interpreted in terms of their signiﬁcantly altered structure and
adsorptive properties compared to the bulk oxide1 as a
consequence of strong metal−support interactions (SMSI).
Among the studied catalytic systems exhibiting SMSIs,
ultrathin ﬁlms of zinc oxide on metals have received particular
attention owing to their potential importance and applications
as catalysts for methanol synthesis, the water gas shift reaction,
and CO oxidation.2,8−14 Whereas bulk ZnO crystallizes in the
wurtzite structure, thin ﬁlms of this interesting oxide have been
predicted to form layered, graphitic structures, ZnO(gr), with a
layer stacking as in h BN.15 Previously, we have shown that a
thin ZnO ﬁlm grown on brass(111) adopts a distorted structure
in between the ideal wurtzite (0001) and the planar ZnO(gr)
structure.10 It was found that this new thin ﬁlm phase of ZnO
exhibits Zn atoms with a lowered oxidation state, which
signiﬁcantly enhanced the bonding of CO to the ﬁlm. As a
ﬁngerprint of the modiﬁed chemical reactivity of the ﬁlm, an
anomalous red shift by about 70 cm−1 relative to the normal
stretch frequency for CO adsorbed on wurtzite ZnO was
observed. Interestingly, a similar red shift has recently been
observed in an industrial type Cu/ZnO catalyst for methanol
synthesis from CO2 and H2.
11 This CO frequency was assigned
to an adsorption site characterized by a partial coverage of the
copper nanoparticles in the catalyst by a thin layer of
metastable, defective zinc oxide, similar to the model catalyst
investigated in ref 10, and in agreement with previous
observations of such structures in industrial type Cu/ZnO
catalysts by transmission electron microscopy (TEM).9
Apart from the catalytic applications of ultrathin ZnO ﬁlms
on metals, it is also of fundamental interest to understand the
origins of their modiﬁed adsorptive properties and in particular
the role of the underlying metal substrate. In addition to ZnO
ﬁlms grown on Cu,10,16 the growth on a number of other
metallic substrates has also been realized, including Ag,17−19
Au,20,21 Pt,12 and Pd.22 The role of the metal substrate for the
structure of thin ZnO ﬁlms has been studied in great detail
using density functional theory (DFT).23 The DFT results from
ref 10 demonstrated that ZnO on Cu(111) exhibits a
substantial corrugation, whereas it was found that on more
noble metals such as Ag the ZnO ﬁlm is almost ﬂat. On
Ag(111), combined scanning tunnelling microscopy (STM)
and surface X ray diﬀraction (SXRD) experiments have
revealed that ZnO ﬁlms transform to a more corrugated
wurtzite like structure in the 3−4 monolayer (ML) range and
that incomplete layers begin to form for thicknesses above 2
ML.19 DFT studies of such islands of ZnO in the 3−4 ML
range on top of a closed 2 ML ﬁlm on Ag(111) showed that the
islands undergo a structural transition to the wurtzite structure
in the core of the island, whereas the edges and corners of the
islands are characterized by reconstructions.24
In this contribution, we study the role of the underlying
metal substrate for the chemical activity of ultrathin ﬁlms of
zinc oxide. Compared to our previous measurements carried
out using a CuZn (brass) substrate,10 we here concentrate on
ZnO grown on an AgZn substrate. The growth process is
investigated as a function of the O2 exposure and the oxidation
temperature by grazing emission X ray photoelectron spectros
copy (XPS) and temperature dependent infrared reﬂection−
absorption spectroscopy (IRRAS) using CO as a probe
molecule. The chemical activity of the formed ZnO ﬁlms is
probed by measuring the stretch frequency and binding energy
of adsorbed CO.25 We observe a diﬀerent reactivity of the
bilayer ZnO on Ag as evidenced by a much weaker CO
adsorption and a blue shift of the CO vibrational frequency
compared to ZnO/Cu. The results are interpreted in terms of
the structure and electronic properties of ZnO/Ag by
comparison to DFT calculations.
2. METHODS
2.1. Experimental Methods. The IRRAS and XPS
measurements were performed in an IR/XPS ultrahigh vacuum
(UHV) apparatus, which combines a state of the art FTIR
spectrometer (Bruker Vertex 80v) with a multichamber UHV
system (Prevac).25 The AgZn(111) single crystal surface (Ag/
Zn ratio 9:1) was cleaned by cycles of Ar+ sputtering (1.5 kV,
10 mA, 1 × 10−6 mbar) at room temperature, followed by
annealing at 420 K. Additionally, the cleanliness and oxidation
states of the sample were monitored by XPS equipped with a
VG Scienta R4000 electron energy analyzer. Exposure to CO at
65 K (cooling with liquid helium) was achieved by using a leak
valve based directional doser connected to a tube (2 mm in
diameter) that terminated 3 cm from the sample surface and 50
cm from the hot cathode ionization gauge. IR data were
accumulated by recording typically 1024 scans with a resolution
of 4 cm−1. Prior to each exposure, a spectrum of a clean sample
was recorded as a background reference.
The ZnO thin layers grown on the AgZn(111) substrate
were prepared by oxidation of the clean AgZn(111) surface in
O2 atmosphere (1 × 10
−5 mbar) at diﬀerent temperatures for
diﬀerent periods of time. The thickness of the ZnO adlayers
formed on the Ag substrate upon oxidation was determined
based on the relative intensity of the Zn 2p3/2 and Ag 3d5/2 XPS
signals using the following expression:26
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Here, IA and IS denote the intensities of the adsorbate (Zn) and
substrate (Ag) XPS signals at a grazing angle θ = 70°, σA and σS
refer to the photoionization cross sections for Zn 2p3/2 (18.92)
and Ag 3d5/2 (10.66) (taken from ref 27). The mean free paths
of the photoelectrons were calculated to amount to λA(EA) =
11.96 Å, λA(ES) = 27.28 Å and λS(ES) = 15.2 Å.
28,29 nA and nS
denote the atomic density of ZnO and Ag species. For ZnO,
two diﬀerent structures were considered: wurzite −4.89 × 10−2
atoms/Å3, graphitic −4.08 × 10−2 atoms/Å3.15,30 For Ag, nS =
5.89 × 10−2 atoms/Å3.
The binding energy of CO adsorbed to diﬀerent sites was
estimated based on temperature dependent IR experiments. IR
spectra were recorded continually while heating the sample
with a constant rate of 0.05 K/s. The normalized peak areas
were shown as a function of temperature. The activation
energies (Ed) for desorption of CO from the diﬀerent sites were
estimated via the Redhead equation31 assuming a pre
exponential factor of 1013 s−1.
2.2. Theoretical Methods. The calculations were
performed with the full potential, all electron simulation
package FHI aims.32 Electronic exchange and correlation was
treated using either the generalized gradient approximation
(GGA) type Perdew−Burke−Ernzerhof (PBE) functional33 or
the screened hybrid functional HSE0634,35 together with the
Tkatchenko−Scheﬄer (TS) semiempirical correction scheme
for dispersion interactions.36 The TS parameters for Ag and
ZnO were taken from ref 23 and account for surface and
polarization eﬀects.37,38 The PBE and HSE06 optimized lattice
constants for Ag, monolayer ZnO and bulk wurtzite ZnO were
taken from ref 23 as well. Tight default settings were used for
the basis set and integration grids. Test results using really tight
settings for CO adsorption on the wurtzite (1010) surface
showed that binding energies and frequencies were converged
to within 1−2 meV and 1−2 cm−1, respectively. The ZnO/Ag
system was modeled using the experimentally observed
coincidence structure corresponding to a (7 × 7) graphitic
bilayer ZnO ﬁlm on a (8 × 8) Ag(111) substrate19 as in
previous theoretical studies24,39 and a four layered metal slab
(PBE calculations). The size of the ZnO/Ag supercell was ﬁxed
by the PBE optimized lattice constant of Ag (4.15 Å) and the
ZnO lattice constant was adjusted accordingly, resulting in a ∼
2% tensile strain in ZnO compared to the PBE optimized
lattice constant of a free standing monolayer ZnO sheet (3.28
Å). For the HSE06 calculations and due to the high
computational cost of hybrid functional calculations, we instead
modeled the ZnO/Ag system using a (2 × 2) graphitic bilayer
ZnO ﬁlm on a (2 × 2) Ag(111) substrate. In these calculations,
we instead released the strain in the lateral directions on Ag,
resulting in a tensile strain of ∼11%. The Ag slab contained two
layers with an interlayer distance that had been relaxed to
compensate for the strain in the lateral directions. The ZnO
ﬁlm was kept ﬁxed in a ﬂat geometry with interlayer distances
corresponding to the mean distances obtained with PBE in the
(7 × 7)ZnO/(8 × 8)Ag calculation. Bulk wurtzite ZnO with
the (1010) surface termination was modeled using four ZnO
layers and a (2 × 1) cell. This cell contains four Zn atoms at
two inequivalent heights in the top layer and is thus comparable
in lateral size to a (2 × 2) cell for ZnO in the ﬂat graphitic
structure.
For the (7 × 7)ZnO/(8 × 8)Ag calculation the Brillouin
zone was sampled using a (2 × 2) k point grid. For the
remaining smaller structures a (4 × 4) k point grid was used.
Denser k point grids were used for the density of states
calculations. A vacuum region of 30 Å perpendicular to the
surface separated the slabs from their periodic images and a
dipole correction was applied.40 For the (7 × 7)ZnO/(8 × 8)
Ag and ZnO(1010) calculations the two bottom layers were
kept ﬁxed in their bulk truncated positions, while the top layers
and adsorbed CO were relaxed until the maximum force in the
system fell below 0.01 eV/Å. For the (2 × 2)ZnO/(2 × 2)Ag
calculations, only the adsorbed CO molecule was relaxed. The
(harmonic) vibrational frequency of the CO stretching mode
was calculated using a ﬁnite diﬀerence scheme.
3. RESULTS AND DISCUSSION
3.1. XPS Data. The growth of thin ZnO adlayers was
monitored by highly surface sensitive grazing emission XPS and
Auger electron spectroscopy (AES). The XPS and AES data in
Figure 1 and Figure S1 reveal that the clean AgZn(111) alloy
surface is dominated by Ag species. The Zn L3M45M45 Auger
spectra are sensitive to the oxidation state of zinc and show
large changes in the line shape with an energy diﬀerence of
about 4 eV between Zn2+ and metallic Zn0.41,42 However, a
clear chemical shift is not observed in the Zn 2p core level
spectra (see Figures S2 and S3) due to screening eﬀects in the
ﬁnal core−hole state.42 The weak Zn L3M45M45 Auger peak at
992.4 eV (kinetic energy, KE) demonstrates the presence of a
very small portion of metallic Zn component (∼2%) at the
surface, which is substantially lower than the nominal
concentration of Zn in the bulk (10%) of the sample. Exposure
of the AgZn(111) substrate to molecular oxygen at room
temperature leads to the formation of surface ZnO species, as
conﬁrmed by the appearance of the typical Zn2+ L3M45M45 peak
at 989.2 eV (KE) and the O 1s peak at 530.2 eV. Note that the
oxidized zinc species is characterized by a much broader and
asymmetric (at the higher BE side) line shape as compared to
metallic Zn.41 Upon further oxidation at elevated temperatures,
the Zn2+ and O2− related XPS signals increase gradually in
intensity, indicating a pronounced increase of the surface Zn
concentration (Figure 1).
On the basis of a quantitative analysis of the intensity ratio
between Zn 2p3/2 and Ag 3d5/2 XPS data (Figures S2 and S3),
the average thickness of the thin ZnO adlayer can be estimated.
This yields a value of about 1.9 Å (assuming graphitic type
ZnO) after oxidation of the AgZn substrate with O2 (1 × 10
−5
mbar) at 600 K for 10 min, corresponding to the presence of 1
ML of ZnO. Prolonged oxidation for 20 min leads to the
formation of a ZnO bilayer (3.4 Å for planar ZnO). Exposure of
the sample to O2 at 600 K for 40 min results in a further growth
of ZnO ﬁlms with an average thickness of about 4.4 Å
(assuming graphitic type ZnO) or 3.7 Å (assuming wurztite
type ZnO).
3.2. IRRAS Data. Pristine and oxidized AgZn(111) surfaces
were further characterized by IRRAS using CO as a probe
molecule (see Figure 2). After CO adsorption on the oxygen
free AgZn(111) surface at 65 K, a predominant IR band was
observed at 2121 cm−1 (see Figure 2A), which is assigned to
CO bound to Ag sites. This band disappears upon slightly
heating to 70 K, indicating a rather weak interaction between
CO and Ag. This ﬁnding is in good agreement with the results
of CO adsorption on Ag(111) reported by Jacobi and co
workers.43 They found that CO is weakly bound to Ag sites
(physisorption) with a random orientation of the molecular axis
in the monolayer.
Oxidation at 500 K leads to the appearance of a second IR
band at 2136 cm−1 (Figure 2B), while the intensity of the Ag
bonded CO band decreases, accompanied by a slight blue shift
to 2126 cm−1. After further exposure to oxygen at 600 K for 10
min, only one single, sharp CO peak at 2138 cm−1 is detected,
whereas the Ag related IR band disappears completely (Figure
2C). Our IRRAS data, together with the XPS/AES results
discussed in section 3.1, provide solid evidence for the
formation of a closed monolayer of ZnO after this oxidation
treatment. Furthermore, the IR spectrum remains nearly
unchanged for ZnO ﬁlms with a thickness of 0.34 nm
Figure 1. Grazing emission (a) Zn L3M45M45 Auger spectra and (b) O
1s spectra recorded before (black curve) and after oxidation of the
AgZn(111) sample with O2 (1 × 10
−5 mbar for 10 min) at 300 K (red
curve), 420 K (blue curve), 500 K (magenta curve), and 600 K (olive
curve).
Figure 2. IRRAS data recorded after 1 L CO adsorption on the
pristine and oxidized AgZn(111) surfaces at 65 K. The ZnO adlayers
were prepared by oxidizing the (A) AgZn(111) surface in 1 × 10−5
mbar O2 atmosphere at 500 K for (B) 10 min, and at 600 K for (C) 10
min, (D) 20 min, (E) 40 min.
(corresponding to a ZnO bilayer, see Figure 2D). Therefore,
we conclude that the 2138 cm−1 band is characteristic for CO
species adsorbed to Zn2+ sites on the surface of ZnO thin
layers. It should be noted that other approaches (e.g., Zn
deposition in oxygen atmosphere) typically result in not closed
ZnO thin ﬁlms.
More extended oxidation at 600 K for prolonged time leads
to the appearance of a weak high frequency CO vibration at
2183 cm−1, which becomes more pronounced at ZnO
coverages higher than 2 ML (see Figure 2E). Simultaneously,
the 2138 cm−1 band decreases in intensity. These observations
suggest the coexistence of a thin ZnO bilayer and thicker ZnO
clusters (islands). The IR band at 2183 cm−1 is in good
agreement in frequency with those reported for CO adsorption
on ZnO single crystal surfaces.44−46 The substantial blue shift
(40 cm−1) compared to the gas phase value indicates that the
interaction between CO and the thicker ZnO islands is
dominated by the electrostatic interaction (Stark eﬀect and
Pauli repulsion)47 and possibly electron donation from the CO
5σ orbital to the surface Zn cations (see also theoretical analysis
in Sect. 3.4), in accord with CO adsorption on wurtzite type
ZnO substrates.25 These ﬁndings reveal that wurtzite type ZnO
islands are formed for thickness above 2 ML on Ag(111), in
line with the STM and SXRD observations.19
The temperature dependent IRRAS experiments (see Figure
3) provide insight into the thermal stability of various CO
species. Interestingly, the intensity of both CO bands increases
ﬁrst upon heating to about 75 K. This is attributed to a
restructuring process of the CO adlayer from a nonuniform,
disordered distribution at low temperatures (66 K) to a more
ordered structure, as observed for CO adsorption on ceria
surfaces.48 Further raising the temperature leads to a gradual
attenuation of both CO signals due to thermal induced
desorption. Based on a quantitative analysis of the IR data
(see Figure 3b,c) and assuming a pre exponential factor of 1013
s−1, the binding energies were determined to amount to 0.30
eV (29 kJ/mol) for CO adsorbed to wurtzite type ZnO clusters
(islands) and 0.24 eV (23 kJ/mol) for ZnO bilayer bonded CO
species, respectively. The binding energy of 0.30 eV is
consistent with those determined for CO bound to Zn2+ sites
on ZnO(1010) (0.32 eV) and Zn ZnO(0001) (0.28 eV)
surfaces.44−46 These results reveal that CO is more weakly
bound to bilayer ZnO formed on Ag(111) compared to thicker
wurtzite type ZnO islands, which is in contrast to the
observation of a signiﬁcantly enhanced interaction of CO
with ultrathin ZnO ﬁlms on Cu(111).10 The present IRRAS
data provide direct evidence that the metal substrate plays a
crucial role in the chemical properties of the ultrathin ZnO
ﬁlms.
Importantly, we found a clear blue shift for both CO species
with annealing to higher temperatures (see Figure 3a), i.e., with
decreasing CO coverage. At very low coverage (θ→ 0, isolated
CO adsorbates), the IR bands are located at 2146 cm−1 for CO
adsorbed on the ZnO bilayer surface and at 2202 cm−1 for CO
on wurtzite type ZnO islands. This coverage induced frequency
shift is attributed to lateral adsorbate−adsorbate interactions
including both dynamic (dipole−dipole coupling) and substrate
mediated static eﬀects (for details, please see refs 25 and 44).
3.3. DFT Results. To support the assignment of the IRRAS
bands, we carried out DFT calculations of CO adsorption
energies and vibrational frequencies. The use of GGA type
DFT functionals for adsorption on ZnO is in general not
uncritical due to the well known issues with describing the
electronic structure of oxides at the GGA level of theory. A
hybrid functional like the HSE06, on the other hand, can
generally be expected to perform better, since it improves on
the self interaction error in DFT by incorporating a portion of
Hartree−Fock exact exchange. To illustrate this we compare
data for CO adsorption on the wurtzite (1010) surface
obtained at the PBE and HSE06 levels of theory (see Table
1). The CO molecule adsorbs to a Zn atom in a tilted
geometry, which is rotated about 25 degrees from the surface
normal (see Figure 4a). While both functionals give very similar
values for the structural data (tilt angle, binding distance) and
the adsorption energy (0.45 eV with PBE and 0.47 eV with
HSE06) in reasonable agreement with available experimental
measurements (0.32 eV46), the vibrational frequencies come
out very diﬀerent. The HSE06 functional correctly reproduces
the blue shift of around 40 cm−1 with respect to the gas phase
frequency that is found experimentally,44 while the PBE
functional gives a shift around zero. A similar improvement
of performance as regards vibrational shifts by using a hybrid
functional (PBE0) was recently reported by Tosoni et al.39
As mentioned in the previous section, we expect that the
high frequency band shifted around 40 cm−1 with respect to the
gas phase, which is measured after prolonged oxidation, results
from CO adsorbed to thick ZnO ﬁlms. A recent DFT study on
the structure of ZnO islands in the 3−4 ML range on top of the
closed 2 ML ﬁlm suggested that such islands will undergo a
structural transition to a wurtzite like phase.24 The present
HSE06 result of a shift of around 40 cm−1 for the wurtzite
structure is therefore in excellent agreement with the measured
high frequency band at 2183 cm−1 observed after the saturation
of CO adsorption (curve A in Figure 3a). Due to the high
computational cost of hybrid functional calculations, the
present result was calculated for a rather high CO coverage
of 0.5 ML. However, as discussed in ref 39, the shift (both at
the GGA and hybrid functional level) tends to become more
positive for lower coverages. This eﬀect is in good agreement
with the shift to higher frequencies observed after annealing,
i.e., gradually decreasing CO coverage (curves E−N in Figure
3a).
Figure 3. (a) IRRAS spectra recorded after exposing the thin ZnO
adlayers to 1 L CO at (A) 66 K and then heating gradually to higher
temperatures: (B) 70 K, (C) 74 K, (D) 78 K, (E) 82 K, (F) 86 K, (G)
90 K, (H) 95 K, (I) 100 K, (J) 110 K, (K) 120 K, (L) 130 K, (M) 140
K, (N) 150 K. (b) Normalized intensity of the high frequency band as
a function of sample temperature. (c) Normalized intensity of the low
frequency band as a function of sample temperature.
Before analyzing further the problematic description of CO
adsorption on ZnO at the GGA level, we present also the
results for the bilayer ZnO/Ag system. In Table 1 we report
PBE data for two diﬀerent adsorption sites I and II within the
Moire ́ supercell of the full (7 × 7)ZnO/(8 × 8)Ag structure
(see Figure 4b). At site I CO binds the strongest with 0.36 eV,
whereas at site II the binding is reduced to 0.24 eV. Given that
CO is dosed at very low temperatures in the present
experimental work, we expect several site types within the
Moire ́ supercell to be populated. The derived experimental
binding energy of 0.24 eV corresponds then rather well with
the calculated values, assuming that the experiment likely
measures the average binding energy for several diﬀerent sites.
The CO binding energy on ZnO/Ag is thus much lower than
the binding energy obtained at the wurtzite surface in the
present work (0.45 eV using PBE) and the previously reported
binding energy of 0.52 eV for ZnO/Cu (also PBE),10 indicating
that the CO molecule is only bound by weak dispersive
interactions on ZnO/Ag. This diﬀerent behavior is attributed to
the ﬂat geometry of the ZnO bilayer adsorbed on an Ag(111)
surface (see Figure 4b) as compared to the buckled structure of
ZnO in the wurtzite structure (see Figure 4a) and the
previously identiﬁed rumpling of the ZnO bilayer on a
Cu(111) surface.10 For the vibrational frequency, we obtain a
slight blue shift of 5 cm−1 (site I) and a slight red shift of 3
cm−1 (site II) for ZnO/Ag using PBE. These values correspond
well with the measured low frequency band at low coverage
(see curve G in Figure 3a), which is blue shifted by 3 cm−1 with
respect to gas phase CO. Our results are also in good
agreement with recent results reported by Tosoni et al. (0.24
eV binding energy, frequency blue shifted by 6 cm−1).39
The question that remains, in light of the above described
failure of PBE to describe the frequency shift for the wurtzite
(1010) surface, is whether the good agreement with experiment
obtained at the PBE level of theory for the ZnO/Ag system is
real or results from a fortuitous cancellation of errors. To
answer this question, we proceed to a direct comparison of PBE
and HSE06 for the ZnO/Ag system. Due to the high
computational cost of hybrid functional calculations, we are
presently not able to consider the full (7 × 7)ZnO/(8 × 8)Ag
Table 1. Calculated and Experimental CO Adsorption Energies ECO (in eV), Zn−C Binding Distances dZn−C (in Å), Tilt of the
CO Molecule with Respect to the Surface Normal α (in deg.), Shift of the C−O Binding Distance with Respect to the Gas Phase
Value (1.135 Å with PBE and 1.122 Å with HSE06) ΔdC−O (in Å), and Shift of the CO Vibrational Frequency with Respect to
the Gas Phase Value (2128 cm−1 with PBE and 2238 cm−1 with HSE06) ΔυCO (in cm−1)
system method ECO dZn−C α ΔdC−O ΔυCO
ZnO(101 ̅0) PBE+TS 0.45 2.19 25 0.001 +7
HSE06+TS 0.47 2.23 28 0.004 +37
PBE+U+D2′b 2.16 40 ∼0 5
PBE0+D2a,b 0.57 2.13 35 0.004 +41
exp. 0.32c +42d
(7 × 7)ZnO/(8 × 8)Ag PBE+TS: Site I 0.36 2.27 38 0.002 +5
PBE+TS: Site II 0.24 2.33 41 0.001 3
PBE+U+D2′b 0.24 2.24 9 0.003 +6
exp. 0.24 +3
(2 × 2)ZnO/(2 × 2)Ag PBE+TS 0.13 2.85 61 +0.001 16
HSE06+TS 0.12 2.88 56 ∼0 5
aObtained in a (3 × 2) cell using eight ZnO layers. bFrom ref 39. cFrom ref 46. dFrom ref 44.
Figure 4. DFT optimized structures (top and side view) of CO adsorbed on (a) the wurtzite (1010) surface, (b) the large (7 × 7)ZnO/(8 × 8)Ag
structure and (c) the smaller (2 × 2)ZnO/(2 × 2)Ag structure. For clarity, the bonds between the ﬂat graphitic ZnO layers have been omitted. In
panel b, the dashed black circles highlight adsorption site I (shown structure) and II (empty circle).
structure at the HSE06 level of theory. Instead, we consider a
smaller (2 × 2)ZnO/(2 × 2)Ag structure where the residual
strain is released on the Ag and the bilayer ZnO ﬁlm is kept
ﬁxed in a ﬂat geometry as described in Section 2.2 (see Figure
4c). The CO adsorption energies calculated with PBE and
HSE06 for this structure are around 0.13 eV (see Table 1). The
reduced binding, which is also reﬂected in the enlarged Zn−C
binding distance of around 2.8 Å (as compared to around 2.2 Å
for the other systems considered), is likely a consequence of the
ﬁxed, ﬂat geometry of the ZnO ﬁlm. Interestingly, the
vibrational frequencies also come out very similar at the PBE
and HSE06 levels of theory, with the PBE frequency being only
slightly (∼10 cm−1) more red shifted than the HSE06
frequency. Comparing on the other hand the frequencies
calculated with PBE for the large and small ZnO/Ag supercells,
it is seen that the small system is ∼20 cm−1 more red shifted
than the large system. The diﬀerence between the large and the
small supercells should be mainly of electrostatic origin
resulting from the diﬀerence in work function of the strained
two layer versus unstrained four layer Ag slabs, the slightly
larger buckling of ZnO in the large supercell and the enlarged
distance of the CO from the surface in the small supercell.
Assuming that the eﬀect of these changes is well described
using PBE, we can estimate a hybrid vibrational shift for the
large supercell by adding the diﬀerence between the HSE06
and PBE frequencies for the small supercell (∼10 cm−1) to the
PBE shift for the large supercell, resulting in an eﬀective HSE06
blue shift of ∼10 cm−1. This value is still consistent with the
experimental measurement. Therefore, based on the good
agreement between PBE and HSE06 for the small ZnO/Ag
supercell and the similarity of the small and large supercells, we
expect that the good agreement with experiment obtained with
PBE for the large supercell is trustworthy.
3.4. Analysis and Discussion of DFT Results. As
discussed in ref 25, the vibrational frequency shift of CO on
ZnO surfaces is generally explained via two mechanisms: (i) the
electrostatic interaction with the electric ﬁeld of the surface
metal cations (Stark eﬀect) and (ii) electron donation and
back donation to the CO frontier orbitals (Blyholder model49).
The former eﬀect polarizes the CO molecule and strengthens
the internal bond, which leads to a shortening of the bond and
a blue shifted frequency. The latter eﬀect can lead to either a
blue shift in case electrons are donated from the 5σ highest
occupied molecular orbital (HOMO) to the surface or a red
shift in case electrons are back donated from the surface into
the 2π* lowest unoccupied molecular orbital (LUMO).
In order to further investigate which of these mechanisms are
at play in the various systems, we plot in Figure 5 the projected
density of states onto ZnO (red curves) and onto the CO
molecule (blue curves). The levels of the isolated CO molecule
are in each case superimposed in black. We begin by comparing
CO on ZnO(1010) calculated with HSE06 (Figure 5a) and
PBE (Figure 5b). As expected, the use of a hybrid functional
(HSE06) corrects for the GGA level underestimation of the
ZnO band gap and HOMO−LUMO gap of the isolated CO
molecule. The Fermi level is inﬂuenced by the position of the
valence band maximum (VBM) and therefore shifts from −4.55
eV with PBE to −4.92 eV with HSE06 relative to the vacuum
level. This increase in the work function for HSE06 leads to a
larger electric ﬁeld at the surface, which is expected to give a
larger blue shift of the CO vibrational frequency. Considering
now the HOMO and LUMO levels, we note that the
interaction of the CO molecule with the surface leads to a
signiﬁcant down shift and broadening of the LUMO level,
which brings it close to the Fermi level. In that context it is
worth noting that the observed tilted adsorption geometry of
the CO molecule favors the hybridization of the LUMO level
with the surface states since it is of π symmetry. The HOMO
level also shows a large degree of hybridization; however, since
it is located rather far away from the Fermi level, we expect that
back donation into the LUMO level will play the largest role in
the Blyholder model. Using PBE, we calculate a vibrational shift
close to zero. We therefore tentatively suggest that the two
opposite eﬀects are at play, blue shift from the Stark eﬀect and
red shift from back donation into the 2π* orbital, largely cancel
each other. With the HSE06 functional, on the other hand, we
expect the blue shift to dominate as a consequence of the
increased work function and the increased distance between the
Figure 5. DFT projected density of states (PDOS) for CO adsorbed to various surfaces calculated using either PBE or HSE06. Red curves are
projected onto ZnO, blue curves are projected onto the CO molecule, and the levels of the isolated CO molecule are superimposed in black. The
Fermi level is marked with a dashed line. (a) ZnO(1010) HSE06, (b) ZnO(1010) PBE, (c) (2 × 2)ZnO/(2 × 2)Ag HSE06, (d) (2 × 2)ZnO/(2 ×
2)Ag PBE, and (e) (7 × 7)ZnO/(8 × 8)Ag PBE.
LUMO level and the Fermi level. Indeed, only the HSE06
functional is observed to correctly reproduce the 40 cm−1 blue
shift observed experimentally.
Next, we turn to the comparison of HSE06 and PBE for the
(2 × 2)ZnO/(2 × 2)Ag structure. As for the ZnO(1010)
surface, we observe a larger ZnO band gap with the hybrid
functional. However, as a consequence of n type doping from
the metal surface, the Fermi level now moves up in the
conduction band and both functionals give a very similar
(reduced) value for the work function (3.32 eV with PBE and
3.10 eV with HSE06). We therefore expect also a similar blue
shift from the Stark eﬀect for the two functionals. Compared to
ZnO(1010), it is seen that the LUMO level interacts much less
with the surface for (2 × 2)ZnO/(2 × 2)Ag, which is related to
the much weaker binding of CO to ZnO/Ag in general and to
ZnO/Ag in the smaller, constrained structure in particular (as
evidenced by the lower binding energies and enlarged binding
distances, see Table 1). The amount of red shifting of the CO
vibrational frequency is expected to be dependent both on how
close the LUMO level is to the Fermi level and how strongly it
hybridizes. For HSE06, the LUMO level is located slightly
further away from the Fermi level and we therefore expect the
HSE06 frequency to be blue shifted with respect to PBE, which
is indeed the case (by ∼10 cm−1). The rather small diﬀerence
between the HSE06 and PBE results is likely a consequence of
the very small degree of hybridization in this system.
Finally, we compare the (7 × 7)ZnO/(8 × 8)Ag (site I) and
(2 × 2)ZnO/(2 × 2)Ag structures at the PBE level of theory. It
is seen that the degree of hybridization of the LUMO level and
its distance to the Fermi level are very similar in the two
systems. The most notable change is a decrease in the work
function to 3.32 eV for the (2 × 2)ZnO/(2 × 2)Ag structure
compared to 4.37 eV for the (7 × 7)ZnO/(8 × 8)Ag system,
which likely derives from the ﬁxed geometry of the ZnO ﬁlm
and the strain in the Ag slab in the former system. As a
consequence, we would expect the CO frequency to be more
blue shifted in the (7 × 7)ZnO/(8 × 8)Ag system, which is
indeed the case (by ∼20 cm−1).
Compared to the present ZnO/Ag system, the ZnO bilayer
on Cu(111) reported in ref 10 exhibits a much more
pronounced buckling. We suggest that the much stronger
interaction of CO with this buckled ﬁlm (a binding energy of
0.54 eV was found for ZnO/Cu in ref 10 as compared to the
binding energy of 0.24 eV found for ZnO/Ag in the present
work) leads to a stronger back donation and an overall more
red shifted CO frequency than in the present system. We note
that a recent study by Tosoni et al. reported a red shift in the
ZnO/Cu system of similar magnitude as found experimentally
for a ﬁlm geometry that was ﬂattened by artiﬁcial strain in the
chosen supercell setup.39 Their computed binding energy
largely underestimated the experimentally determined binding
though. Tentatively, we therefore ascribe the agreement of their
calculated frequency with experiment to a fortuitous under
estimation of both the blue shifting Stark eﬀect and the
hybridization induced red shift.
4. CONCLUSIONS
As demonstrated by our experimental and theoretical results,
the metal support plays a crucial role in the chemical activity of
thin ZnO adlayers. The previously reported red shift by about
70 cm−1 for CO on ZnO/Cu relative to the normal stretch
frequency for CO on wurtzite surfaces is substantially modiﬁed
when changing the metal substrate. In the ZnO/Ag system we
ﬁnd a frequency similar to the gas phase CO vibrational
frequency (red shifted by around 40 cm−1 with respect to
wurtzite) for CO adsorbed on ﬂat bilayer ZnO ﬁlms and a
frequency similar to previous results for wurtzite surfaces for
CO adsorbed on thicker ZnO islands in the 3−4 ML range.
Whereas on Cu the ZnO ﬁlm has been reported to buckle
substantially, we ﬁnd that it adopts a ﬂat graphitic like structure
on Ag. This diﬀerence, which is driven by the diﬀerent lattice
constants of the two metals (3.61 Å (Cu) vs 4.09 Å (Ag)), has
pronounced consequences for the adsorption energy of CO,
which is much decreased in the presence of an Ag substrate as
compared to a Cu substrate. Our results thus illustrate the
variety of ZnO phases that can be formed and the pronounced
inﬂuence of the metal substrate for ultrathin ZnO ﬁlms.
From the theoretical side, we have shown that GGA type
DFT functionals cannot uncritically be applied to the study of
CO adsorption on ZnO. This is especially problematic for the
wurtzite ZnO(1010) surface, where the incorrect level
alignment results in a severe underestimation of the blue shift
of the CO stretch frequency. CO binding energies, on the other
hand, come out very similar at the hybrid and GGA levels. For
ZnO/Ag, the frequencies seem to be much less sensitive to the
errors in the level alignment, and good agreement with
experiment is already obtained at the GGA level. Our analysis
ascribes this diﬀerence to two eﬀects: In contrast to the wurtzite
ZnO(1010) surface, the work function is pinned by the metallic
Fermi level, which is similarly described by both GGA and
hybrid functionals. While this leads to a similar Stark
contribution to the frequency shift, the hybridization with the
surface is much weaker at the less corrugated ZnO/Ag ﬁlm.
Functional errors in the frontier level positions are therefore
less consequential, as the resulting diﬀerent donation and back
donation contributions to the overall frequency shift are
smaller.
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